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The  Clp/Hsp100  AAA+  chaperone  family  is involved  in  recovering  aggregated  proteins  and  little  is  known
about  other  orthologs  of the  well  studied  ClpB  from  Escherichia  coli and  Hsp104  from  Saccharomyces
cerevisiae.  Plant  Hsp101  is a  good  model  for  understanding  the  relationship  between  the  structure  and
function  of Hsp100  proteins  and  to  investigate  the  role  of  these  chaperones  in  disaggregation  processes.
Here,  we  present  the  cloning  and  puriﬁcation  of  a  sugarcane  ortholog,  SHsp101,  which  is expressed  in
sugarcane  cells  and  is  a  folded  hexamer  that  is capable  of  binding  nucleotides.  Thus SHsp101  has  the
structural  and  functional  characteristics  of  the  Clp/Hsp100  AAA+  family.ugarcane
rotein folding
olecular chaperone
eat  shock protein
AA+  protein
© 2011 Elsevier B.V. Open access under the Elsevier OA license.nalytical ultracentrifugation
TD-NMR
. Introduction
Protein misfolding and aggregation play important roles in
any pathologies. Heterologous expression of genes sometimes
enerates inclusion bodies. Failure in proper folding results in a loss
f biological function or even the formation of aggregated species,
hich may  be harmful to the organism by developing into con-
ormational diseases related to more than 40 pathologies [1,2]. To
void either misfolding or its destructive consequences, cells have
eveloped a complex quality control system involving molecular
haperones that is devoted to maintaining protein homeostasis
3,4].
Molecular chaperones are usually referred to as heat shock
roteins (Hsps), although some molecular chaperones are not
sps and vice versa, and are named according to the molec-
lar mass of the monomer protein (for example, the 70 kDa
Abbreviations: AUC, analytical ultracentrifugation; CD, circular dichroism; Hsp,
eat shock protein; STD-NMR, saturation transfer difference NMR.
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Open access under the Elsevier OA license.heat shock protein, Hsp70, and the 100 kDa heat shock protein,
Hsp100) [4,5]. Chaperones from the Clp/Hsp100 family are ring-
shaped AAA+ (ATPase associated with diverse cellular activities)
proteins. ClpB from Escherichia coli and its eukaryotic homolog
Hsp104 from yeast Saccharomyces cerevisiae are the most stud-
ied [5–7]. ClpB and Hsp104 have the extraordinary ability to
solubilize aggregated proteins with the help of the Hsp70 sys-
tem. Hsp100s are hexameric chaperones that are formed by an
amino-terminal domain and two nucleotide-binding domains,
NBD or AAA+ domains, which are connected by a linker named
the M-domain in the case of ClpB and Hsp104, but not other
Clp proteins (Fig. 1A). Orthologs of these proteins are present
in bacteria, fungi, plants and mitochondria but are missing in
metazoa.
Although not lethal when absent, the presence of Hsp104 and
ClpB largely increases survival under stress conditions. Neither
ClpB nor Hsp104 alone are capable of disaggregating proteins,
but cells lacking clpb or hsp104 are incompetent at eliminat-
ing aggregated proteins formed under heat shock conditions
[8–10]. Hsp100 proteins cooperate with other chaperones to aid
in protein folding. Efﬁcient protein disaggregation and reactiva-
tion in E. coli is only achieved when ClpB, DnaK, DnaJ and GrpE
are present [9,10]. Another partner, small Hsp, participates by
binding partially unfolded proteins, thereby not allowing the for-
mation of oligomeric aggregates. Hsp70 and Hsp100 facilitate the
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Fig. 1. (A) Schematic diagram of Hsp100 chaperone structure. Proteins from the Clp/Hsp100 family are composed of an N-terminal domain, an M (middle) domain, and
two  tandem AAA+ domains (nucleotide-binding domains, NBD). (B) Nucleotide and amino acid sequence of sugarcane Hsp101, SHsp101. SHsp101 has 912 residues and a
predicted molecular mass of 100.9 kDa for the monomer. In the nucleotide sequence, the start and stop codons are in italics. In the amino acid sequence, the two tryptophan
residues (positions 545 and 823) are underlined. For puriﬁcation purposes, a MGSSHHHHHHSSGLVPRGSH tag was added to the N-terminus (not shown). (C) Model for the
sugarcane Hsp101 monomer. The model is based on the crystal structure of T. thermophilus ClpB (PDB entry number 1QVR) [7],  which has approximately 50% identity with

























tsing  3D-JIGSAW [23], and the ﬁgure was made using PyMOL Viewer [49]. The Rama
egions.
olubilization of these proteins [11–14].  Thus, the role of Hsp100 is
ighly speciﬁc because disaggregation only occurs in the presence
f Hsp70 from the same species.
The molecular mechanism for this disaggregation activity is
nknown. Although very important for protein homeostasis, little
s known about other orthologs of ClpB/Hsp104 [15]. Plant Hsp101
s a good candidate to be explored for understanding the relation-
hip between the structure and function of Clp/Hsp100 proteins
nd to investigate the role of these chaperones in disaggrega-
ion processes. For instance, although Hsp101 can complement
he thermotolerance defect in yeast caused by deleting the hsp104
ene [16,17], it cannot interact with Hsp104 indicating that
he domains of the proteins diverged [18]. Therefore, a deep
nderstanding of the relationship between structure and func-
ion in Hsp101 may  help to identify key elements which are
ndispensable for chaperones with disaggregation properties to
unction.
The importance of Clp/Hsp100 proteins for plants and for
iotechnology purposes is based on their key role in thermotol-
rance [15]. Due to its high similarity to the A. thaliana homolog, a
ugarcane ortholog, SHsp101, was cloned and puriﬁed. Its biophys-
cal parameters, its ability to bind nucleotides and its presence in
ugarcane cells were also investigated. The results showed that sug-
rcane SHsp101 has the structural and functional characteristics of
he Clp/Hsp100 AAA+ family.ran graph of the model indicated that 90.1% residues are found in the most favored
2.  Materials and methods
2.1. Cloning, expression and puriﬁcation
cDNA libraries were from sugarcane cultivars, which were
hybrids derived from the crossing of Saccharum ofﬁcinarum and Sac-
charum spontaneum [19]. The cDNA coding for sugarcane Hsp101
(GenBank accession number JN106048) was inserted into the
expression vector pET28a (Novagen) by polymerase chain reaction
(PCR), generating the vector pET28aSHsp101 that was then trans-
formed into the BL21 pRARE E. coli strain. Cells were grown at 37 ◦C
in Luria–Bertani media (LB) containing 0.3 g/mL of kanamycin,
and the expression of the 6-His-tagged protein was induced with
0.5 mM  isopropyl -d-1-thiogalactopyranoside (IPTG). After 4 h,
the cells were harvested and disrupted by sonication in the pres-
ence of 50 mM  Tris–HCl, pH 7.5, 100 mM KCl, and 1 mM EDTA, and
the lysate was  centrifuged at 18,000 g for 30 min. The soluble frac-
tion was  loaded onto a 5 mL  HitrapTM Chelating HP column for
afﬁnity chromatography and then onto a Hiload 26/60 Superdex
200 prep-grade column for size exclusion chromatography in the
presence of 25 mM Tris–HCl, pH 7.5, 250 mM NaCl, and 1 mM  2-
-mercaptoethanol. Chromatography puriﬁcation was performed
using an Äkta FPLC (GE Biosciences), and the fractions were ana-
lyzed by 10% SDS-PAGE. Protein concentrations were determined
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ssay [21] using a kit (Bio-Rad). A model of SHsp101 based on the
rystal structure of Thermus thermopiles ClpB (gi:38492937, PDB
ntry number 1QVR) [7],  which shares 50% identity with sugarcane
sp101, was generated using 3D-JIGSAW [22].
.2. Spectroscopy
Circular dichroism (CD) spectra were recorded with a JASCO
odel J-810 CD spectropolarimeter equipped with a thermoelectric
ample temperature controller (Peltier system) following standard
rocedures [23]. Data were collected from 260 to 200 nm,  averaged
t least three times, using cuvettes with a 1 mm  path length and
 M protein in 25 mM Tris–HCl, pH 7.5, 250 mM NaCl, and 1 mM -
ercaptoethanol. Data was analyzed with both Spectra Manager®
Jasco) and Origin® 7.5 (OriginLab). Emission ﬂuorescence spectra
ere recorded on an Aminco Bowman® Series 2 (SLM-AMINCO)
uorimeter using quartz cells with 10 mm × 10 mm optical path
ength. Protein concentrations of 2 M in the same buffer described
or CD experiments were used. Emission ﬂuorescence spectra of
ryptophan were obtained with excitation at 295 nm (bandpass of
 nm)  and with emission from 305 to 420 nm (bandpass of 8 nm)
nd analyzed either by their maxima wavelength or by their center









here i is the wavelength and Fi is the ﬂuorescence intensity at
i. Spectroscopy experiments were performed in the absence and
resence of 200 M MgATP.
.3. Protein extraction and immunoblotting
Plant material (leaf tissue) from S. ofﬁcinarum cultivar IAC 93-
046 was homogenized in a mortar and pestle with two  volumes
w/v) of 25 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5 mM  EDTA and
rotease inhibitors (1 M E64, 1 M leupeptin, 150 nM aprotinin,
00 M AEBSF (CALBIOCHEM®), and 1 mM phenylmethanesulfonyl
uoride). After centrifugation at 2500 g for 30 min, 15 ng of the
upernatant was separated by 10% SDS-PAGE, electrotransferred
nto a nitrocellulose membrane (Millipore), and stained with Pon-
eau S (Sigma–Aldrich). The membranes were blocked for 1 h with
BS-T (Tris-buffered saline containing 0.03% Tween-20) supple-
ented with 1% BSA and then incubated with polyclonal sugarcane
sp101 antiserum (anti-SHsp101) for 2 h (1:500 dilution). After 3
ashes with TBS-T, the membranes were incubated for 1 h with
he secondary antibody (anti-rabbit IgG coupled to alkaline phos-
hatase, Bio-Rad) and detection was performed using an Alkaline
hosphatase Conjugate Substrate Kit (Bio-Rad). All experiments
ere performed at room temperature.
.4. Dynamic light scattering, analytical ultracentrifugation and
EC-MALS
For the dynamic light scattering (DLS), analytical ultra-
entrifugation (AUC) and size exclusion chromatography
ith multi-angle light scattering (SEC-MALS) experiments,
00–2000 g/ml SHsp101 was tested in 25 mM  Tris–Cl, pH
.5, 250 mM NaCl and 1 mM Beta-mercaptoethanol in the
bsence or presence of 200 M nucleotides. SednTerp soft-
are (http://www.jphilo.mailway.com/download.htm)  was
sed to calculate the density ( = 1.00923 g/mL) and viscosity
 = 1.0321 × 10−2 poise) of the buffer and the protein partial
peciﬁc volume (Vbar = 0.7384 mL/g).
Dynamic light scattering (DLS) experiments were performed
sing a DynaPro-MS/X (Protein Solutions) instrument controlled byical Macromolecules 49 (2011) 1022– 1030
DynamicsTM v.6.2.05 software. Samples were equilibrated at 20 ◦C
for approximately 20 min  and then submitted to approximately 300
measurements (10 s each). The DLS experiments were conducted to
determine the experimental diffusion coefﬁcient D at each protein
concentration. Each value was  extrapolated to standard conditions
(temperature of 20 ◦C and in water, D20,W). The values of D20,W were
plotted versus protein concentration to determine the value of zero
by extrapolation, D020,W , which is a unique property of the macro-
molecule because it should avoid interference from the solvent and
high protein concentrations.
Analytical ultracentrifugation experiments were performed
using a Beckman Optima XL-A analytical ultracentrifuge using
an AN-60Ti rotor at 20 ◦C and analyzed as described elsewhere
[24–26]. Sedimentation experiments were conducted from 3000 to
16,000 rpm with data acquisition at 279 nm.  Sedimentation veloc-
ity analysis was performed using the software Sedﬁt [27–29] to
calculate the sedimentation coefﬁcient, s. As described above for
the DLS experiments, each value of s was extrapolated to standard
conditions (temperature of 20 ◦C and in water, s20,W). The values of
s20,W were plotted versus protein concentration to determine the
value of zero by extrapolation, s020,W , which is a unique property of
the macromolecule because it should avoid interference from the
solvent and high protein concentrations. The molecular mass (M)  of
a protein can be estimated from s and D by the following equation:
M = sRT
D(1 − Vbarf )
(2)
where R is the gas constant, T is the absolute temperature and f is
the frictional coefﬁcient.
Equilibrium sedimentation analyses involved ﬁtting an
absorbance model versus the cell radius data using nonlinear
regression. Distribution of the protein along the cell, which was
obtained in the equilibrium sedimentation experiments, was  ﬁt
with the following equation [30]:
C = C0e
[







where C is the protein concentration at radial position r, C0 is the
protein concentration at radial position r0 and ω is the centrifugal
angular velocity.
Multi-angle laser light-scattering coupled with size exclusion
chromatography (SEC–MALLS) was  used to analyze the distri-
bution of the masses of puriﬁed SHsp101. Data analyses were
performed by chromatographic separation of 160 M protein using
a 1 cm × 60 cm Superdex 200 (GE Healthcare) column at room tem-
perature with a ﬂow rate of 0.5 mL/min. The experiments were
performed continuously on the column eluate as it passed through
a DAWN EOS System (Wyatt Technology Corporation, USA), and
the data were analyzed using the Astra software package (version
5.3.4.14).
2.5. Saturation-transfer difference (STD) and NMR  analyses
Puriﬁed SHsp101 (120 M)  and nucleotides (81 mM ATP, 80 mM
ADP and 46 mM ATPS) were prepared in 10 mM  Tris–HCl buffer
at pH 8.0 with a protein to ligand molar ratio of 1:100. The sam-
ple contained a total volume of 600 L and was  completed with
D2O. All NMR  spectra were recorded on a 500 MHz  Varian INOVA
spectrometer equipped with a 5 mm Tri-Res probe operating at
a hydrogen frequency of 499.89 MHz  at 298 K without sample
spinning. The residual HDO signal was used as the internal refer-
ence (set at 4.70 ppm). The 1D STD NMR  experiments employed
the pulse sequence PRESAT, Water package from Varian to sup-
press the residual HDO signal. A spin-lock ﬁlter with a strength of
2 kHz and duration of 10 ms  was applied to suppress the protein
T.C. Cagliari et al. / International Journal of Biological Macromolecules 49 (2011) 1022– 1030 1025
Table  1
Puriﬁcation summary of SHsp101 per 1 L of culture.
Puriﬁcation step Total proteina,b (mg) SHsp101b (mg) Yield Purity (%)
Soluble lysate 280 143 100 51
Afﬁnity chromatography 113 96 67 85





















































emitted ﬂuorescence spectrum of the protein under native con-
ditions exhibited maximum intensity at approximately 351 nm
with a spectral center of mass at approximately 357 nm (Fig. 3B
and Table 2). Under denaturing conditions (6 M Gdm-Cl), therrors are less than 4%.
a 3 g of cells from 1 L of culture were lysed by sonication.
b SHsp101 concentration was determined by the absorbance at 280 nm,  and the t
ackground. On-resonance irradiation of the protein was per-
ormed at a chemical shift of 0.0 ppm and the off-resonance
requency was  set at 30.0 ppm where no protein signals are present.
 train of selective Gaussian-shaped pulses (50 ms)  with a power
evel of 32 Hz for the corresponding square shape was  applied for
aturation. The number of selective pulses (n) determined the pre-
aturation period. The standard value was 58 pulses, leading to a
otal length of the saturation train of 3 s. Spectra were subtracted
nternally via phase cycling after every scan to minimize artifacts
rising from temperature and magnetic ﬁeld instability. The length
f the spin-lock pulse was set to 40 ms.  The 1D STD NMR  spectra
ere acquired with 1024 scans and 2 s relaxation delay, and the
ree induction decay (FID) was acquired over 14,402 complex data
oints covering a spectral width of 12001.2 Hz. NMR spectra were
ultiplied by an exponential line-broadening function of 1 Hz and
ero-ﬁlled by a factor of two prior to Fourier transformation. Spec-
ral processing was performed on a Sun workstation using VnmrJ
oftware (Varian package).
The {1H, 13C} heteronuclear correlation (HETCOR) analysis was
erformed by dissolving 5.0 mg  of ATPS in 40 L of D2O (as the
ontrol) or by dissolving 2.5 mg  of ATPS into 20 L of SHsp101
stock solution: 120 L) in 20 L of D2O. The HETCOR spectra were
cquired with 1024 scans and 1.5 s relaxation delays, and the free
nduction decay (FID) was acquired over 4096 complex data points
overing a spectral width of 26,324.4 Hz. A 500 MHz  Varian INOVA
pectrometer equipped with a nanoprobe was used, operating at a
arbon frequency of 125.71 MHz  at 298 K.
. Results and discussion
.1. Pure and folded sugarcane SHsp101 was produced
Members of the ring-shaped Clp/Hsp100 AAA+ family capable of
everting protein aggregation have been identiﬁed in several organ-
sms such as bacteria (E. coli ClpB [11,31] and Thermus themophilus
lpB [32]) fungi (Sacharomicies cerevisiae Hsp104 [33]) and plants
Arabidopsis thaliana [16,17]). The presence of a gene coding for
n Hsp100 protein in sugarcane was determined by sequencing
nd annotating sugarcane ESTs [34]. To characterize the protein
ncoded by this gene, we cloned and sequenced the entire cDNA
ncoding for sugarcane Hsp101, SHsp101 (Fig. 1B). The cDNA was
loned into a pET28a vector for expression as a His-tagged con-
truct. SHsp101 has 912 residues and a predicted molecular mass
f 100.9 kDa for the monomer (Fig. 1B). This protein was  named
Hsp101 because it is 84% identical to AtHsp101 from A. thaliana
Supplementary material (Fig. S1)). Due to the His-tag tail, the
ecombinant monomeric construct has a predicted molecular mass
f 103.1 kDa (Fig. 1B). A model for the structure of SHsp101 (Fig. 1C)
as prepared based on the crystal structure of T. thermophilus ClpB
PDB entry number 1QVR) [7],  which shares 50% identity with sug-
rcane Hsp101. The middle domain (M-domain) forms a coiled coil
hat is inserted between the NBD1 and NBD2 domains and points
way from the body of the chaperone, forming propeller blades
n the hexameric model [5,7]. The NBD domains bind nucleotides.
he two tryptophans, whose emitted ﬂuorescence was studied (seeotein concentration was  measured with the Bradford protein assay (see Section 2).
below), are highlighted in red.(For interpretation of the references
to color in this text, the reader is referred to the web  version of the
article.)
Approximately 50% of the expressed SHsp101 was soluble in
the supernatant of the cell lysate, as determined by densitometric
quantiﬁcation of the bands in Coomassie Blue-stained SDS-PAGE
gels (data not shown). The recombinant fused protein was puri-
ﬁed using a HiTrap Chelating afﬁnity column (Amershan Pharmacia
Biotech) followed by a HiLoad Superdex 200 pg 26/60 molecular
exclusion column (Amershan Pharmacia Biotech). In the ﬁrst step
of puriﬁcation, SHsp101 was  approximately 85% pure (Fig. 2, lane
2; Table 1). After gel ﬁltration, the protein was approximately 98%
pure (Fig. 2, lane 3). The yield of the recombinant SHsp101 was
approximately 42 mg/L of culture (Table 1), as measured by both
the Bradford method and the absorbance at 280 nm.
The circular dichroism (CD) spectrum (Fig. 3A), which had min-
ima  at 208 and 222 nm with signals of approximately −17,000 and
−15,000 deg cm2 dmol−1, respectively, indicative of an -helical
protein (Table 2), revealed that the expressed sugarcane Hsp101
was  folded. The amount of helix predicted from the signal at 222 nm
[23] was  approximately 40%, which is in good agreement with the
ClpB homologs [7,35].  SHsp101 was  also studied by CD in the pres-
ence and absence of both ADP and ATP. However, the spectra in the
presence of nucleotides were undistinguishable from that in the
absence of nucleotides (data not shown).
Emission ﬂuorescence spectroscopy of Trp can be used to
gain information about the environment surrounding this residue
because of its sensitivity to the polarity of the environment.
SHsp101 contains two Trp residues, which are both located
in the second nucleotide-binding domain (Fig. 1B and C). TheFig. 2. SHsp101 puriﬁcation followed by SDS-PAGE. Mr,  molecular mass marker
(masses in kDa on the left); lane 1, soluble fraction from bacterial lyses; lane 2, from
the  afﬁnity chromatography step; lane 3, from the gel ﬁltration chromatography
step. The arrow indicates the puriﬁed SHsp101.
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Fig. 3. Spectroscopic measurements indicate that the produced SHsp101 was
folded. Experiments were performed in a buffer containing 25 mM Tris–HCl (pH
7.5), 500 mM NaCl and 1 mM 2--mercaptoethanol at 25 ◦C. (A) Circular dichroism.
Residual molar ellipticity [] was measured from 200 to 260 nm, with min-
ima  observed at 208 and 222 nm with a signal of approximately −17,000 and
−15,000 deg cm2 dmol−1, respectively, indicative of an alpha helical protein. The
amount of helix predicted from the signal at 222 nm [24] is approximately 40%. (B)
Emission ﬂuorescence. Sugarcane Hsp101 (closed circle) and sugarcane Hsp101 in












shich were measured with excitation at 295 nm and emission from 305 to 420 nm.
.U.,  arbitrary units.
mitted ﬂuorescence spectrum of SHsp101 was of approximately
hree times less intense with a maximum intensity at approx-
mately 356 nm and a center of mass at approximately 361 nm
Fig. 3B). Because both Trps contributed to the emitted spectrum, at
east one Trp is at least partially buried in the interior of the protein.
s shown by CD spectroscopy, the presence of either ADP or ATP
able 2
Hsp101 biophysical parameters.
Circular dichroism at: −208 nm −17,000 deg cm2 dmol−1
−222 nm −15,000 deg cm2 dmol−1
Emitted Trp ﬂuorescence spectrum:
-maximum intensity 351 nm
-center of mass 357 nm




Diffusion coefﬁcient (D020,W ) from dynamic
light scattering
2.4 × 10−7 cm2/s
Molecular mass based on: -Amino acid content
for a hexamer
618.6 kDa
-AUC equilibrium sedimentation 616 kDa
-s020,W and D
0
20,W using Eq. (2) 611 kDa
-SEC-MALLS 619 kDa
rrors are 4% or less (see text). S020,W and D
0
20,W were measured by AUC velocity
edimentation and DLS, respectively.ical Macromolecules 49 (2011) 1022– 1030
did not cause any relevant modiﬁcation in the emitted ﬂuorescence
spectrum (data not shown).
3.2. Sugarcane Hsp101 is a hexamer that binds nucleotides
The oligomerization state is crucial for proteins from the
Clp/Hsp100 AAA+ family. Oligomerization into hexamers is essen-
tial for function and to form the characteristic quaternary structure
of a ring with an axial pore or channel [7,36–38]. To characterize the
oligomeric state of SHsp101, a series of hydrodynamic experiments
were conducted. First, analytical ultracentrifugation (AUC) sedi-
mentation equilibrium of SHsp101 was carried out to obtain direct
information on the oligomeric state of the protein. The molecu-
lar mass of a sedimenting particle is derived independently of the
sedimentation and diffusion coefﬁcients and is obtained by ﬁtting
the concentration distribution of the macromolecules at equilib-
rium. Fig. 4A shows that the best ﬁt for the SHsp101 sedimentation
equilibrium data was to a single species with a molecular mass of
620 ± 20 kDa (Fig. 4A and Table 2), which is in good agreement with
an expected value of 618 kDa predicted for the hexameric species
(Table 2). Values of the sedimentation coefﬁcient s020,W (Fig. 4B,
top) and diffusion coefﬁcient D020,G (Fig. 4b, bottom) of 15.2 S and
2.4 ×10−7 cm2/s, respectively, were determined by extrapolation.
These results agreed well with those of s20,W = 16–17 S for ClpB
[35,39] and s = ∼16 S and D = 2.5 ×10−7 cm2/s for Hsp104 [37]. The
values of s020,W and D
0
20,W were used in Eq. (2) (see Section 2) to
estimate a molecular mass of 611 kDa for SHsp101 (Table 2). Multi-
angle laser light-scattering in conjunction with size exclusion
chromatography (SEC-MALLS) experiments were used to deter-
mine the molecular mass and oligomeric state of SHsp101. Fig. 4C
shows a plot of the calculated molecular masses versus the elu-
tion time for the selected scattering peaks, which correspond to
the UV-monitored elution peaks. An average molecular mass of
619 ± 6 kDa was  obtained (Fig. 4C and Table 2), conﬁrming that
SHsp101 is a single species with the molecular mass of a hex-
amer. The masses measured by AUC and SEC-MALS experiments
are equal to that predicted for a hexameric species, which is in
good agreement with data obtained for other Clp/Hsp100 proteins
such as E. coli [39] and T. thermophilus [7] ClpBs and yeast Hsp104
[36,37].
The AUC experiments were also performed in the presence of
both ADP and ATP nucleotides without any measurable change
in the oligomeric state of the protein. An oligomeric state that is
independent of nucleotide binding has been shown for Hsp104
[40] but not for ClpB [36]. In addition to that, because both the
sedimentation (s) and diffusion (D) coefﬁcients are in very good
agreement with those measured for other members of Clp/Hsp100
family [35,37,39],  they likely share at least some global quater-
nary structure similarity. The values obtained for the hydrodynamic
coefﬁcients and molecular masses can be used to provide insight
on the shape of the protein by the so-called Perrin or shape fac-
tor F [41]. The frictional coefﬁcient for a rigid sphere having an
identical volume as the molecule of interest (fo) and the frictional
coefﬁcient (f) are obtained from measurements via the Stokes equa-
tion [42]. The closer the Perrin factor (f/f0 ratio) is to 1, the more
spherical the protein is. Our results indicate that SHsp101 has a Per-
rin factor of approximately 1.6, which is in good agreement with
the values predicted for Hsp104 [37] and ClpB [43]. This analysis
may  have some limitations because high ﬂexibility and mobility
are characteristics of proteins belonging to the Clp/Hsp100 family
[43].Because ADP or ADP appear not to have measurable effects on
the secondary structure, on the environment of the Trp residues or
on the oligomeric state of SHsp101, we next investigated the inter-
action of the nucleotides with the protein with a saturation transfer
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Fig. 4. SHsp101 is a hexamer. Experiments were performed in a buffer containing 25 mM Tris–HCl (pH 7.5), 500 mM NaCl and 1 mM 2--mercaptoethanol. (A) Analytical
ultracentrifugation sedimentation equilibrium. The sedimentation equilibrium analyses were performed from 0.3 to 1 mg/mL and the best ﬁt was determined by the
randomness of the distribution of the residuals and by minimization of the variation of the variance. The ﬁgure shows the best ﬁt of the experimental data at 3000 rpm at 20 ◦C to
a  molecular mass of 620 ± 20 kDa. Additional data and ﬁtting are shown in the Supplementary material (Fig. S2). All data agree with a molecular mass of 620 ± 20 kDa and have
a  variance of approximately 10−5. (B) Apparent sedimentation coefﬁcient s20,W (top) and apparent diffusion coefﬁcient D20,W (bottom) as a function of protein concentration.
T 2.4 × 1
u yzed u























she  values of S020,W and D
0
20,W were determined by extrapolation to be 15.2 S and 
sing  these values (from Eq. (2); see Section 2). (C) SEC-Malls. The protein was anal
ajor  peak presented a polydispersity of 1.1 ± 0.2% and an average molecular mass
ifference (STD) NMR  experiments, which are capable of detect-
ng weak binding with great sensitivity [44]. The STD experiments
or protein–ligand systems are based on magnetization transfer
rom protein to ligands and rely upon the difference between two
xperiments: on-resonance and off-resonance. The signal of the
rotein is ﬁrst saturated by a train of selective pulses in a range
here only protein signals exist. When a protein becomes satu-
ated, ligands that are in exchange between bound and free forms
ecome saturated when bound to the protein. This mechanism hap-
ens via spin diffusion, a process where the saturation propagates
cross the hydrogens in a protein by H–H intramolecular dipolar
nteractions. The saturation transfer to the ligands occurs through
ntermolecular cross relaxation at the protein–ligand interface.
ecause of the long T1 (relaxation time), these ligands remain in
 saturated state when they are free. The off-resonance exper-
ment consists of an identical pulse train but in a range where
here are not protein or ligands signals. By subtraction of these
wo spectra, the obtained spectrum contains only the hydrogen
ignals belonging to molecules that bind to the protein. Resonance
ignals from nonbinders do not show up in the difference spec-
rum. Also, the degree of saturation of the individual hydrogens of
 small ligand molecule reﬂects their proximity with the protein
urface [45].0−7 cm2/s, respectively. A molecular mass of 611 kDa was  calculated for SHsp101
sing a MALLS detector during elution with size exclusion chromatography, and the
9 ± 6 kDa.
The STD experiments showed that nucleotides (ATP and ADP)
bind to SHsp101. The STD NMR  spectra for SHsp101 with ATPS,
ATP, and ADP showed very similar proﬁles (data not shown). Fig. 5A
shows the spectrum obtained for Hsp100/ATPS, which is simi-
lar to the other nucleotide interactions. The observed signals were
attributed to the following hydrogen atoms: purine H-8 and H-2
and ribose H-1′. These experiments all allowed for group epitope
mapping (GEM) with values around 100%. The STD NMR  experi-
ments provided evidence for the SHsp101-nucleotide interaction
with only three interacting hydrogen atoms.
To specify the interactions between the adenosine nucleotides
and SHsp101, the heteronuclear correlations between carbon and
hydrogen atoms of the ligand in the absence and presence of
the chaperone were compared. The NMR  HETCOR experiments
required the use of a nanoprobe due the low sample amount.
Because of the possible ATPase activity of Hsp101, only non-
hydrolyzable ATPS was  monitored, as shown on Fig. 5B. All of
the purine carbon atom signals, C05, C8, C04, C06 and C2, and only
C1′ and C2′ of the ribofuranose showed different chemical shifts
upon binding. The H-2 and H-8 hydrogen signals showed more
pronounced chemical shift changes (Supplementary material Table
S1). In conclusion, SHsp100 binds to ATP, ATPS and ADP by asso-
ciating with their adenosine and partly interacting with the ribose
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Fig. 5. SHsp101 binds nucleotides. (A) STD NMR  spectrum. The STD NMR  spectrum of a sample containing ATPS (1 mM)  and SHsp101 (10 M)  showed three interacting
hydrogen atoms and that the signals for H-1′ , H-2 and H-8 were ∼100% saturated. The ligand-interacting hydrogen atoms of the ATPS ribbon structure are shown in white.
The  same was  observed in other two cases (SHsp101 with ATP or ADP). (B) HETCOR NMR  spectra: a) ATPS free and b) ATPS in the presence of SHsp101. The ATPS signals,
which  are correlations {13C,1H} that changed when in contact with the protein (SHsp101), are circled.
T.C. Cagliari et al. / International Journal of Biolog
Fig. 6. SHsp101 is expressed in sugarcane. SHsp101 was detected in sugarcane
extracts (leaf) by immunoblotting. Lane 1: puriﬁed recombinant sugarcane SHsp101
(35 ng). Lane 2: buffer alone, control. Lane 3: protein extract (15 g) from sugarcane
leaf.  The proteins were subjected to SDS-PAGE and transferred to a nitrocellu-

























































[25] D.J. Winzor, S.E. Harding, in: S.E. Harding, B.Z. Chowdhry (Eds.), Protein–LigandHsp101, and the immunological complex was  detected with AP-conjugated anti-
abbit IgG (BioRad).
oieties and three hydrogens H-2, H-8 and H-1′ were most affected
y binding to SHsp101. Changes in the chemical shifts of carbons
-2′, C1′, C2, C0-4, C0-5, C0-6, and C-8 were also observed. There-
ore, the phosphate ATPS region does not appear to interact with
he protein. Because the quaternary carbon atoms are not directly
ydrogen bonded (because these carbon atoms are bound to four
ther carbons or atoms), their chemical shift changes were not
bserved in the HETCOR experiments. However, the ı13C chemi-
al shifts were changed, as shown in Table S1 for C0-4, C0-5 and
0-6.
ATP is very important to the function of Clp/Hsp100 proteins
s the ability to disrupt protein aggregates depends on nucleotide
inding and hydrolysis [5].  Although both nucleotide binding sites,
BD1 and NBD2, are essential for function, they appear to play dif-
erent roles. For example, NBD1 seems to be necessary for substrate
inding whereas NBD2 is not [37]. Also, an asymmetric ATPase
ctivity between the domains seems to be an essential feature for
ubstrate remodeling [46]. Our results revealed that SHsp101 binds
ucleotides and the effects caused by this binding will be further
nvestigated.
. Sugarcane expresses Hsp101
The presence of mRNA encoding for SHsp101 was conﬁrmed
y the EST sugarcane genome project [34,47]. Herein, we aimed
o determine if the SHsp101 protein is normally expressed in
ugarcane cells. Serum against the puriﬁed recombinant SHsp101
as used in western blotting analysis to assess the presence of
Hsp101 in sugarcane cell extracts. SDS-PAGE was loaded with
ecombinant SHsp101 in one lane and protein extracts from leaf
issues of sugarcane without further treatment in another lane.
fter running, the gel was incubated with serum against recom-
inant SHsp101 (Fig. 6). The recombinant SHsp101 was  labeled as
xpected; additionally, a protein with an identical molecular mass
as observed in the sugarcane extract, strongly indicating that
Hsp101 is expressed in sugarcane. The aforementioned ﬁndings
pen up the possibility of further investigations. For instance one
hould ask whether the expression of SHsp101 is highly increased
hen sugarcane is under stress conditions. Additionally, yeast
sp104 is involved in the propagation of the prion factor under
on-stresses conditions [48] but little is known about the func-
ion of Clp/Hsp100 proteins in plants when these organisms are
ot stressed.
[
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5. Conclusions
Clp/Hsp100 AAA+ proteins are potentially key players for
improving the expression of heterologous proteins in bacterial
cells. Although these chaperones are important for biotechnolog-
ical purposes, little is known on their mechanism of substrate
binding and remodeling and why they are absent in the cytosol
of metazoan cells. Studies of other orthologs may  help to add infor-
mation to what is already known about ClpB and Hsp104. Here,
one of these orthologs, sugarcane Hsp101, was characterized, con-
ﬁrming that this protein belongs to the Clp/Hsp100 AAA+ family
and will help provide information on the relationship between the
structure and function for these proteins. The initial cloning and
characterization of this protein reported provided basic informa-
tion on the function of SHsp101, such as nucleotide binding and
expression. This information may  help to unravel the functions of
Clp/Hsp100 proteins. Further functional studies are underway and
will be published in the near future.
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